Mechanosensitive (MS) ion channels provide a universal mechanism for sensing and responding 26 to increased membrane tension. MscS-Like(MSL)10 is a relatively well-studied MS ion channel 27 from Arabidopsis thaliana that is implicated in cell death signaling. The relationship between the 28 amino acid sequence of MSL10 and its conductance, gating tension, and opening and closing 29 kinetics remain unstudied. Here we identify several nonpolar residues in the presumptive pore-30 lining transmembrane helix of MSL10 (TM6) that contribute to these basic channel properties.
Introduction
The ability to respond to mechanical stimuli is an ancient and intrinsic property of cells 1,2 . One of 41 the most universal mechanisms for mechanotransduction is the use of mechanosensitive (MS) ion 42 channels. MS channels are oligomeric protein structures embedded in the lipid bilayer, and their 43 primary function is to form a conductive pore in response to increased lateral membrane tension 44 or force transduced from cytoskeletal filaments 3 . MS channels mediate the perception of external 45 mechanical stimuli (touch, gravity, vibration) and internal mechanical stresses in plants, animals, 46 and bacteria 4-6 . Mammalian MS channel dysfunctions are associated with numerous pathologies 47 7 and both mammalian and bacterial MS channels are under investigation as drug targets [8] [9] [10] . It is 48 therefore important for both basic and for applied reasons to determine the molecular mechanisms 49 of MS ion channel function, including the relationship between channel structure and its 50 conductance, gating tension, and opening and closing kinetics. 51 52 We already have considerable insight into these questions, in part due to decades of research into 53 the structure and function of a MS ion channel from Escherichia coli, the Mechanosensitive ion 54 channel of Small conductance (EcMscS). EcMscS is directly opened by membrane tension 11 , has 55 a unitary conductance of 1.2 nS in giant E. coli spheroplasts 12,13 and demonstrates a slight 56 preference for anions (1.2-3 fold, summarized in 14, 15 ). The primary physiological function of 57 EcMscS is to promote bacterial survival when subjected to hypoosmotic shock 13, 16 . EcMscS also 58 shows inactivation behavior whereby sustained tension leads to a non-conductive state of the 59 channel that cannot be opened again until a period of recovery [17] [18] [19] [20] [21] . 60 
61
A wealth of structural information on MscS is available, derived from several members of the 62 MscS family from different bacterial species. Crystal structures thought to represent the 63 conducting state of EcMscS or the non-conducting states of MscS from E. coli, 64 Thermoanaerobacter tengcongensis, and Helicobacter pylori [22] [23] [24] have been determined. A cryo-4 terminal of the TM helices, TM3, lines the permeation pore. It comprises two regions, TM3a and 70 TM3b, which are separated by a distinctive kink at residue G113. Other key residues include L105 71 and L109, which form the narrowest constriction of the closed or non-conducting pore, and G121, 72 which is thought to be critical to closed state formation 2217 . roles for L105 and L109 26, 27 and have shown that G104, A106 and G108 play critical roles in 78 channel gating 28, 29 . A single mutation in this region, A106V, locks the channel in an open 79 conformation, and was used to obtain the first open-state crystal structure of EcMscS 30 . Mutating 80 other residues in TM3, such as S114, L118, A120, L123, F127 31 and Q112, A120 16 has less 81 dramatic impact on channel properties, only modulating its gating and inactivation kinetics. 82 However, changing the kink-forming residue G113 to alanine prevents inactivation and in 83 combination with G121A severely alters channel opening and closing 17 . Residues F68 and L111 84 may form a force-transmitting clutch between TM2 and TM3, transmitting membrane tension 85 sensed by the TM1/TM2 paddle to the pore-forming TM3. 32 Surprisingly, the channel's weak ion 86 selectivity is governed by its cytoplasmic cage, rather than the pore-lining TM3 33 In terms of physiological function, MSL8 appears to serve in a role analogous to that of MscS, as 119 it protects pollen from multiple hypoosmotic challenges associated with pollen development and 120 function 43 . MSL8 is primarily localized to the plasma membrane of pollen grains, where it is 121 required for full survival of rehydration, germination, and tube growth. Two lesions in the 122 presumptive pore-lining helix of MSL8, I711S and F720L, alter channel behavior and fail to 123 complement these mutant phenotypes. These observations link ion flux through the MSL8 channel 124 to protection from osmotic stresses during pollen development 44 . MSL10 is a multifunctional MS ion channel that is capable of mediating adaptation to hypoosmotic 133 shock in the short-term (reducing pressure by releasing osmolytes) and of signaling to change 134 cellular state in the long-term (inducing cell death in response to biotic or abiotic stress). However, 135 more structural information about MSL proteins and their pore-forming region is required to fully 136 and directly test the possibility that MSL10 has a non-conducting function. To gain additional information about the structure of the channel pore, the mechanism of gating, 139 and how ion flux through the channel is related to its genetic functions, we used mutational analysis 140 and single-channel patch-clamp electrophysiology to identify residues in the presumptive pore- Selection of potential pore-disrupting residues. To identify residues likely to be important for 152 MSL10 ion channel activity, we performed a sequence alignment between the region of highest 153 homology between EcMscS, MSL10 and MSL8 ( Figure 1A ). In the EcMscS crystal structure, this 154 sequence forms transmembrane (TM) helix 3, the domain that lines the channel pore 54 . EcMscS 155 TM3 is 33 amino acids long and has a pronounced kink at G113 that splits it into TM3a and TM3b. 156 The analogous sequence in MSL10 is its most C-terminal TM helix, TM6. We therefore generated 157 a hypothetical structure of TM6 using the I-TASSER prediction server 22 and the EcMscS closed 158 state crystal structure (2OAU:A, 56 ) as a template ( Figure 1B ). These data, along with a topology 159 prediction from the ARAMEMNON server 22,57 , support the overall topology for MSL10 shown 160 in Figure 1C . Based on this alignment, we identified four key classes of residues within the TM6 161 sequence that were likely to contribute to MSL10 channel function: 1) multiple phenylalanine 162 residues, 2) the putative glycine kink, 3) several nonpolar TM6 residues that differ between 163 MSL10 and MSL8, and 4) an isoleucine residue known to play a role in MSL8 function. Those 164 residues selected for study are indicated with circles in Figure 1A . it is located at very end of TM3b. MSL10 has six Phe residues scattered through the pore-lining 170 domain. MSL8 has six Phe residues in its TM6; five of these are conserved with MSL10 (indicated 171 in yellow, Figure 1C ), and F720 is essential for channel function 58 . To determine if Phe residues 172 in TM6 are also critical for MSL10 channel function, we used site-directed mutagenesis to change 173 F544, F553, and F563 to smaller nonpolar residues. We introduced F544V, F553W, F553L, 174 F553V, and F563L lesions into the MSL10 coding sequence of pOO2-MSL10-GFP, and pOO2-175 MSL10 for in vitro capped RNA (cRNA) production 53 . cRNA for all variants was injected into 176 Xenopus oocytes for expression and characterization as previously described 43 . To determine if these lesions affected protein folding or stability, we monitored the trafficking of 179 MSL10 variants fused to GFP by confocal microscopy. All variants produced similar signal at the 180 oocyte periphery 5 days after injection, while no signal was present in water-injected oocytes 181 ( Figure 2A ). Single channel patch-clamp electrophysiology was then used to assess the channel 182 behavior (voltage-dependent conductance, open state stability, and tension-sensitivity) of each of 183 these MSL10 variants, as in 59 . Current traces from excised inside-out patches derived from 184 oocytes expressing wild type MSL10 showed the expected stable single channel openings (119.4 185 ± 4.0 pS at -100mV, Figure 2B , top). MSL10 F544V did not appear different from the WT. 186 However, MSL10 F553W, MSL10 F553L, and MSL10 F563L exhibited "flickery" channel 187 activity, defined here as rapid increases and decreases in conductance without a clear time spent 188 in the open state (middle and bottom, Figure 2B ). We were unable to detect any channel activity 189 in oocytes expressing MSL10 F553V. Table 1 ). However, MSL10 195 F553L produced single-channel currents that were significantly lower than that of the wild type at 196 every voltage tested ( Figure 2C ), and its conductance at -100mV was 78.0 ± 4.4 pS, 0.6-fold that 197 of the wild type (Table 1) Figure 3B ). However, it had a unitary conductance of 106.0 ± 4.4 pS, 0.9-fold that of the wild 211 type channel ( Figure 3C ). MSL10-G556V did not produce any activity even under extreme 212 membrane tensions and high membrane potentials. Thus, the G556A substitution produced a 213 modest effect, and G556V completely ablated function, presumably because of increasing size of 214 the side chains. These results establish that G556 plays a key role in the function of MSL10 and 215 are consistent with the prediction that there is bending at this residue within the helix and that 216 mobility at this site is important for the conformational changes associated with channel opening. We first analyzed the gating threshold for wild type MSL10. We observed that the gating threshold 246 depended on the number of channels we observed in a patch prior to saturation or patch rupture, 247 and that patches with more channels had a lower opening threshold ( Figure 5A ). Assuming low 248 open probability, and minimal spontaneous gating at zero tension, these data can be fit to a line 249 with slope 0.049 ± 0.02 channels/mm Hg (Figure 5A, circles) . The same analyses for MSL10 250 F553L (squares) and MSL10 L562V (triangles) produced slopes similar to that of the wild type 251 channel, 0.047 ± 0.04 and 0.036 ± 0.01 channels/mm Hg respectively ( Figure 5A ). However, 252 MSL10 F563L did not show a strong dependence of channel number on threshold pressure, with 253 patches containing a range of channel numbers all opening at essentially the same tension. The 254 linear regression line slope for MSL10 F563L was only 0.009 ± 0.007 channels/mm Hg ( Figure   255 5B, diamonds). As shown in Figure 5B , we routinely observed very high channel numbers per 256 patch for MSL10 F563L in some cases as many as 600 channels per patch. Thus, some aspect of 257 channel-channel interaction may be altered in MSL10 F563L. 258 13 259 The fact that all three MSL10 variants had higher closing thresholds than wild type MSL10 made Since Phe residues are found in TM6 of MSL8 and MSL10 but not in TM3 of EcMscS, they were 300 reasonable candidates for residues that underlie the differing channel properties of MSLs and 301 EcMscS. MSL10 has a smaller conductance than EcMscS, and we originally hypothesized that 302 these bigger hydrophobic residues found in the MSL10 TM6 could form a "vapor lock", like 303 EcMscS L105 and L109 22,61 , or partially obstruct the channel pore as suggested for F450 in the 304 Arabidopsis SLAC1 channel 62 While mutation of F553 to tryptophan had no significant effect on conductance, mutation to 314 leucine led to a decrease in unitary conductance and mutation to valine produced a channel without 315 any apparent mechanosensitive response (Figure 2 ). Because MSL10 F553L produced a partially 316 functional channel, and because MSL10 F553V was expressed at wild-type levels, MSL10 F553V 317 is likely to produce a stable oligomeric channel that lacks conductive pore. We thus speculate that 318 the pore size of MSL10 is altered by the size of the side chain at F553; as the side chains at F553 319 16 decrease in size, pore-lining domains grow more and more closely packed, thus successively 320 reducing conductance. 321 322 While gating pressures for the Phe mutants did not significantly differ from those of WT, both 323 MSL10 F553L and MSL10 F563L showed almost no hysteresis ( Figure 5C ). MSL10 typically 324 shows delayed closing relative to opening kinetics; with MSL10 F553L and MSL10 F563L, the 325 ratio of opening and closing tensions were close to 1. This suggested that these mutant channels 326 have an open state that transitions back to the closed state more easily than the wild type channel. 327 The flickery behavior of MSL10 F553L may be explained by a steric mismatch between the 328 mutated residue and its interaction partner from the adjacent pore-lining domain. Lack of any We addressed the similarities and differences between MSL10 and its close homolog MSL8. We 357 first attempted to link the difference in MSL8 and MSL10 channel characteristics to the differences 358 in the sequence of their putative pore-lining domains. We mutated 3 residues of MSL10 into their 359 counterpart in MSL8, generating MSL10 L548V, A550L, and L562V. Only the latter had any 360 effect; MSL10 L562V had a high gating threshold ( Figure 5A ), similar to that previously observed 361 with MSL8 44 . Thus, L562/V719 may in part be responsible for the difference between MSL8 and 362 MSL10 with respect to tension sensitivity. 363 364 We also made mutations in residues conserved between MSL8 and MSL10 that have known 365 effects on MSL8 function. MSL8 I711S exhibited normal conductance but an increased gating 366 threshold and MSL8 F720L was a completely disrupted channel 53 . Both lesions altered MSL10 367 function, but they did not produce the same effects they did in MSL8. MSL10 I554S (aligns with 368 MSL8 I711) produced a flickery channel with half the conductance of the wild type, while MSL10 369 F563L (aligns with MSL8 F720) produced a channel with normal conductance but a high gating 370 threshold. These unexpected results suggest that local or global differences in structure dictate the 371 characteristics of these two channels, so trying to identify individual residues responsible for 372 particular channel characteristics may not be successful. Figure 5) . Hysteresis is the strongest in WT MSL10, wherein the 377 threshold tension for closing is much lower than for opening. The difference between opening and 378 closing tensions was decreased in MSL10 F562V, and completely abolished in MSL10 F563L 379 ( Figure 5C ). We speculate that these two residues may function as a "force transmitters", similar 380 to L111 of EcMscS TM3. It has been proposed that L111 interacts with F68 from TM2, enabling Two of the twelve lesions we tested, MSL10 F553V and MSL10 G556V, were normally expressed 398 and trafficked in Xenopus oocytes but did not exhibit any mechanosensitive ion channel activity 399 (Figures 2 and 3) . These mutants provided the opportunity to test the idea of a non-conducting 400 function for MSL10 more directly and without the caveats of the truncation experiment. The effect 401 of overexpressing these mutant channels did not differ in any way from the wild type, indicating 402 that MS ion channel activity is not required for MSL10's ability to induce cell death in tobacco Software. The putative structure of AtMSL10 TM6 (Fig. 1B) was obtained from the I-TASSER 442 prediction server 56 using the EcMscS closed state crystal structure (2OAU:A, 22,57 ) as a template. 443 Sequence alignments and analysis were made using Unipro UGENE bioinformatics toolkit 67 . 444 Visualization of crystal structures and imaging of the putative AtMSL10 pore region were 445 performed in VMD suite 68 . Secondary structure of AtMSL10 was predicted using ARAMEMNON 
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Nonpolar TM6 residues that differ between MSL10 and MSL8 are not required for wild-type
